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Abstract 
Due to the increasing dynamic in the production companies’ environment, the number of reconfigurations on assembly 
manufacturing resources (AMRs) rises. Hence, it is necessary to evaluate reconfigurability of manufacturing resources and to plan 
the reconfigurations strategically. At iwb a methodology to evaluate reconfigurability was already designed. In this article it is 
expanded to a planning methodology. Furthermore, the application is exemplarily shown. 
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1. Introduction 
Today’s manufacturing companies’ environment is 
highly dynamic [1] [2] due to shortening product [3] and 
technology [4] life cycles, an increasing number of 
variants [5] and an increased pressure on companies to 
innovate more frequently [6]. These factors cause a 
growing pressure on companies to change. Nevertheless, 
time available for reconfigurations decreases [7]. Hence, 
changes need to be planned early enough. 
Especially assembly is affected by this pressure, as it 
is influenced by upstream processes [8] and highly de-
pendent on the increasing number of variants [5] that 
usually is generated at the end of the manufacturing pro-
cess in assembly [9]. Therefore, the number of changes 
on assembly manufacturing resources (AMRs) rises. 
VDI 2815 defines manufacturing resources as the 
entity of all constructions, devices, equipment and facili-
ties that serve a company’s production of goods and 
services [10]. Considering the hierarchic classification of 
resources these manufacturing resources can be allocated 
to five different levels: system-, unit-, function group-, 
component- and element-level [11]. In this article AMRs 
at cell-level that execute at least one joining process as 
defined in DIN 8593 are examined (e.g. welding cells in 
automotive industry) [12]. Reconfigurations are changes 
of AMRs, evoked by influencing factors, to new condi-
tions by adapting (removing, adding, adjusting, chan-
ging) components. Hence, these reconfigurations are 
always connected to monetary and temporal expenses 
[2]. Since AMRs at cell-level are considered, change-
ability is according to [13] defined as reconfigurability. 
This article presents a methodology to plan reconfigu-
rations on AMRs. It focuses on the strategic (long term) 
planning. Hence, the whole life cycle needs to be consi-
dered. Finally, an example illustrates the application. 
2. Planning methodology 
Fig. 1 shows the structure of the methodology. The 
evaluation part already existed (steps 1 - 5) [14]. Other 
methods (e.g. [15]) to evaluate reconfigurability typical-
ly consider higher factory levels than resource level. 
Usually the structure of the AMR is not taken into ac-
count, e.g. by models of the AMR. Only some methods 
include the architecture as a single qualitative attribute 
(e.g. [16]). Furthermore, interactions between reconfigu-
rations are not an issue and the determination of reconfi-
guration costs is not described. Moreover, these methods 
usually do not consider planning of reconfigurations. 
The enhancement of the existing (evaluation) metho-
dology mainly took place in the identification of reconfi-
guration needs by describing the triggers and degrees of 
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freedom of the AMR (step 1, 2 and 3) and the implemen-
tation of a planning methodology (step 6).  
 
Modeling of the 
Assembly Manufac-
turing Resource (AMR) 
2Identification and 
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Influencing Factors
1
Mapping of Influencing Factors 3
Evaluation of Reconfigurability 5
Displaying of Reconfigurations 4
Planning of Reconfigurations 6
 
Fig. 1: Structure of planning methodology 
In the first step influencing factors are identified and 
characterized. The second step consists of modeling the 
AMR with design structure matrices (DSMs). Third, in-
fluencing factors are mapped to the model to identify 
components that need to be adapted due to reconfigura-
tions. Adaptations on components can evoke adaptations 
on further components. Therefore, in the forth step re-
configurations are displayed by graphs which are built 
up based on the DSMs. Evaluation of reconfigurability is 
done in the fifth step. Sixth, the reconfigurations are 
planned. The next paragraphs detail the six steps. 
2.1. Identification and characterization of influencing 
factors 
Various influencing factors cause reconfigurations on 
AMRs that can be classified by different criteria. For 
example, cyclic factors like product life cycles or tech-
nology cycles and non-cyclic factors exist [17]. Cyclicity 
helps to increase the prognosis’ accuracy [18]. There are 
also company internal and external factors. Internal fac-
tors like AMR life cycles can usually be influenced 
easier than external factors [18]. Various methods sup-
port anticipating the factors (e.g. scenario planning or 
mathematical methods [19] [20] [21]). They are modeled 
as triggers, which are of the same categories and types as 
the degrees of freedom of the AMRs (Table 1). 
2.2. Modeling of the assembly manufacturing resource 
(AMR) 
The model of the AMR serves to illustrate the 
structural relations within the AMR in order to rate 
impacts of adaptations on components on other compo-
nents. For this purpose DSMs [22] are applied. DSMs 
are a powerful tool to reduce complexity of unclear 
systems [23]. AMRs are modeled by entering the com-
ponents in the abscissa as well as the ordinate and 
marking relations (e.g. mechanical connections, informa-
tion technological connections) between them [16]. 
Furthermore, the degrees of freedom are modeled to 
display the capabilities of the AMR (Table 1). The list 
does not claim to be complete and can be expanded, if 
necessary. Product related degrees describe an AMR’s 
ability to manufacture different kinds of products. Pro-
duction structure related degrees of freedom can directly 
impact the layout or the infrastructure of the building. 
Moreover, resource related degrees of freedom are deter-
mined by the AMR itself and rather impact the AMR. 
Technology related degrees refer to the technologies 
implemented into the AMR. On the one hand they focus 
on the assembly technologies and on the other hand on 
the information technology integrated. Since AMRs do 
not all operate fully automatically, employee related 
degrees of freedom are necessary. 
Whereas most of the degrees do not change over the 
time, if the AMR is not reconfigured (e.g. producible 
size of products, Fig. 2), some are dynamic and hence 
have to be anticipated (e.g. maintenance costs that 
usually rise in the course of an AMR’s life cycle). On 
contrary, triggers do usually change over the time (e.g. 
new products that have to be produced) due to the 
turbulent environment of manufacturing companies and 
therefore can cause needs for reconfigurations. 
2.3. Mapping of influencing factors 
The third step comprises of mapping influencing fac-
tors to directly affected components. This is done by 
identifying reconfiguration needs through mapping the 
triggers to the degrees of freedom (Fig. 2). Whenever a 
trigger exceeds a corresponding degree of freedom, a 
reconfiguration is evoked. Therewith, components that 
are directly forced to adapt are identified. For example, 
changes on the dimensions of a product can have an 
effect on components like grippers, fixtures, devices etc. 
The result of this step is a list of components that need to 
be adapted at different points in time. 
2.4. Displaying of reconfigurations 
Adaptations on components that are directly evoked 
can cause changes on further components. For example, 
the exchange of a gripper could trigger adaptations on a 
robot. These affected components are identified based on 
the DSM-models. Graphs are derived from the DSMs, 
comprising all components that need to be changed at 
one point in time. Therefore, a software tool was de-
veloped at iwb [16]. One graph exhibits one reconfigura-
610   F. Karl et al. /  Procedia CIRP  3 ( 2012 )  608 – 613 
 
tion at one point in time. All single reconfigurations 
finally are combined at a time bar (Fig. 3).  
Table 1. Degrees of freedom of an AMR 
Product related
Manageable product dimensions (length, width, height)
Manageable product mass
Processible materials
Processible product geometry
Production parameters (e.g. surface quality, feasible 
process forces, product quality)
Production structure related
Dimensions of AMR (length, width, height)
Mass of AMR
Necessary media (e.g. auxiliary materials, operating 
supply items)
Mobility of AMR
AMR’s requirements to environment
AMR’s requirements concerning foundation (due to 
vibrations or process forces)
Resource related
Machine hour rate
Manufacturing costs per product (product specific)
Set-up times (product specific)
Mean time to repair (MTTR)
Mean time between failures (MTBF)
Producible number of products (product specific)
Waste (product specific)
Maintenance costs
Emissions of AMR
Technology related
Types of assembly technologies
Degree of automation
Information technological connection
Control’s data format
Monitoring of AMR
Quality assurance/process control
Interfaces (soft- and hardware)
Connection to existing information technology
Data formats for information flow (e.g. ERP)
Technical equipment (e.g. camera, RFID)
Employee related
Necessary number of staff
Required qualification of staff
Ergonomic exposure  
2.5. Evaluation of reconfigurability 
The fifth step of the methodology comprises the cal-
culation of different KPIs, which are joined in a KPI-
system. These KPIs are built up in two areas. First, 
structural KPIs are derived based on the DSM-models 
and on the graphs. Second, economic KPIs are calcula-
ted, since especially in investment decision-making pro-
cesses monetary values are used to evaluate profitability. 
These nine KPIs (Fig. 4) are presented in the following. 
2.5.1. Structural KPIs (DSM-based) 
These KPIs evaluate reconfigurability considering the 
whole AMR independent of influencing factors. Number 
of components describes the size of the AMR. The 
second KPI shows the complexity of an AMR by 
counting the number of connections per component. If a 
component influences itself via various connections and 
components, it is called a cycle that is insofar critical, as 
adaptations on a component impact the same component 
and therefore could continue endlessly. Hence, number 
of cycles (according to [24]) is calculated. A high modu-
larity supports reconfigurability [2]. A module is a group 
of functionally associated components, thus one or more 
function groups that can be exchanged easily. Modules 
usually show numerous internal connections, whereas 
connections to the environment are limited. Hence, mo-
dularity is calculated by relating the connections of each 
module with the environment to the internal connections. 
Finally, the relations of all modules are summed up and 
divided by the number of modules [25]. 
2.5.2. Structural KPIs (Graph-based) 
These KPIs are derived from the graphs. Hence, only 
components that need to be adapted are included in 
evaluation. The first KPI counts the number of adapta-
tions. To display the effect on the whole AMR, range is 
calculated. It pictures the number of adaptations in rela-
tion to all components. Furthermore, the number of mul-
tiple times adapted components is computed, if the same 
components need to be changed several times. Finally, 
complexity of reconfiguration processes is evaluated by 
showing the number of connections in the graphs. 
2.5.3. Economic KPI 
As economic KPIs need to be taken into account 
when evaluating objects [15], time-related reconfigura-
tion costs is calculated by summing up single reconfigu-
ration costs (material, development, machining and 
labor) [18]. These are derived by anticipating e.g. dura-
tions for adapting components or the qualification of 
staff needed to execute the tasks. The qualification then 
can be quantified by consideration of general agreements 
on pay grades. Finally, time-related reconfiguration costs 
are determined according to the calculation of the net 
present value [26] in order to take time-dependencies by 
interest rates into account. As these costs are measured 
based on structural models of the AMR, they are 
anticipated quite precisely. Existing methods (e.g. [27], 
[28]) of life cycle costing (LCC) are a powerful tool to 
compare different AMRs regarding all costs evoked 
during an AMR’s life cycle (including e.g. initial acqui-
sition costs and operating costs like energy costs, main-
tenance costs or reconfiguration costs). Based on LCC 
the most economic AMR can be chosen. Nevertheless, 
reconfiguration costs usually are just estimated today. 
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All KPIs are combined in a radar chart KPI-system as 
shown in Fig. 4. 
2.6. Planning of Reconfigurations 
The aim of the strategic reconfiguration planning is to 
reduce LCC of an AMR. In the context of this paper, this 
objective is achieved by reducing reconfiguration costs. 
Thereby, strategic reconfiguration planning is located at 
two points in time. First, the purchasing or designing 
process for a new AMR is observed. In this phase the 
AMRs are chosen and hence reconfiguration costs 
determined [29]. Second, the execution of reconfigura-
tions is planned when a reconfiguration is necessary, at 
which following reconfigurations are taken into account. 
In this chapter initially KPIs, which are additionally 
needed for planning, are introduced before the planning 
morphology is presented.  
2.6.1. Additional KPIs for planning reconfigurations 
Despite of the KPIs already presented (Fig. 4) addi-
tional KPIs are necessary for planning reconfigurations 
like KPIs for single components or single reconfigura-
tions that are given in the following. 
Matrix-based KPIs for components 
Critical components can be identified DSM-based 
taking three KPIs into consideration. Number of connec-
tions per component counts all relations a component 
directly has to others. If a component with numerous 
connections needs to be changed, it could cause a large 
amount of other adaptations. Moreover, number of 
cycles per component also has to be calculated for speci-
fying components. Another KPI to detect significant 
components is relative centrality [24]. It figures out, if a 
component connects other components and consequently 
is strongly embedded in the structure of the AMR. 
Graph-based KPIs for components 
Direct activity counts the adaptations a component 
directly causes, if it is adapted. Indirect activity calcul-
ates all adaptations evoked. Hence, following adapta-
tions are added also. Distance is taken into account by 
calculating the snowball-factor [24]. It is the sum over 
all adaptations of the reciprocal of the distance from the 
initial adaptation. Moreover, the number of adaptations 
per component during its life cycle is determined. 
Economic KPIs for components 
For the economic evaluation of components all adap-
tation costs during a components life cycle are consi-
dered. First, adaptation costs are calculated by estima-
ting material, development, machining and labor costs. 
Second, triggered costs are determined by regarding 
components from the KPI indirect activity. 
Graph-based KPIs for single reconfigurations 
The structural evaluation of single reconfigurations is 
executed graph-based only. Therefore, three KPIs are 
applied that are similar to the mentioned ones. These 
KPIs are the number of componentsrec, the number of 
connectionsrec and the snowball-faktorrec. 
Economic KPIs for single reconfigurations 
For single reconfigurations reconfiguration costsrec 
comprising material, development, machining, labor and 
downtime-costs are calculated as a superior KPI. 
2.6.2. Approach to plan reconfigurations 
The strategic planning of reconfigurations is executed 
at two points in time. First, during initial planning before 
the AMR starts operating and consequently design or 
acquisition can be influenced yet. Second, planning of 
single reconfigurations is considered by taking following 
reconfigurations into account. 
Initial planning of reconfigurations 
First, the methodology helps to improve anticipating 
LCC by forecasting reconfiguration costs and thereby 
planning of the AMR’s life cycle by choosing the most 
economic AMR. For this purpose KPI time-related re-
configuration costs is used. Other KPIs of the evaluation 
methodology can also be considered. In this context they 
help to justify additional expanses to increase reconfigu-
rability by showing benefits. Second, requirements con-
cerning the whole AMR or specific components can be 
fixed in requirements sheets during the purchase process. 
Third, in order to reduce downtimes several reconfi-
gurations that usually are evoked during an AMR’s life 
cycle could be executed together. Forth, complex recon-
figurations on contrary can be executed separately. In 
the third and fourth case KPIs for single reconfigurations 
as well as the evaluation have to be used.  
Fifth, the AMR can be improved regarding its recon-
figurability during the design phase. The KPIs for com-
ponents help to identify critical components. Hence, the 
design can be changed or components that inhibit recon-
figurations replaced. Furthermore, elements that need to 
be adapted several times or those that trigger large 
expanses can be equipped with standardized interfaces to 
be able to exchange them easily. 
Planning of single reconfigurations 
When identifying reconfiguration needs, several facts 
should be considered before executing the reconfigura-
tions. First, to utilize scale effects, it should be figured 
out if it is meaningful to pre-draw reconfigurations that 
most probably will be necessary. By doing so, down-
time-costs can be reduced or components that need to be 
adapted several times changed only once. Hence, recon-
figurations should be combined, if technologically possi-
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ble, and evaluated. Nevertheless, costs could rise due to 
impacts on interest, as capital is tied up earlier. Second, 
different ways to reconfigure an AMR at one point in 
time can be compared. Hence, graph-based KPIs need to 
be taken into consideration. Third, when adapting a 
component, it should be determined, if it needs to be 
changed at a later point in time again. If further adapta-
tions are necessary, the initial one ought to be executed 
in a way that following adaptations become lapse. 
On the one hand it is not possible to rank the different 
approaches in the field of initial planning. Companies 
need to choose depending on their specifications. On the 
other hand in the field of single reconfigurations the 
approaches should be considered in the given order. 
However, in both fields different possibilities to reconfi-
gure and thus KPIs are generated. Hence, it is necessary 
to iterate and recalculate the KPIs and compare different 
possibilities to choose the most economic solution. 
By applying the methodology reconfiguration as well 
as downtime costs and times can be reduced. Hence, 
profitability is increased and insecurities reduced. How-
ever, expanses to utilize the methodology are caused. To 
justify expanses for executing the methodology, it can 
also be used for the operational planning. Especially, as 
today there is a need to connect strategic and operational 
views [30]. In industry it was observed that reconfi-
gurations are not planned operatively. Machines are shut 
down without knowing which components need to be 
adapted. Therefore, it takes often too long which causes 
larger downtime-costs. Hence, operative execution of 
reconfigurations can be carried out optimized since 
affected components are known before and e.g. can be 
purchased previously.  
3. Application Example 
The considered AMR produces pencil holders auto-
matically [14]. Following, the single steps of the metho-
dology are presented. First, influencing factors were 
identified (Delphi). Mainly product related factors were 
found: product change after one year (labyrinth toy) and 
five years (double size labyrinth toy). Furthermore, after 
four years an energy measurement system is supposed to 
be necessary. These factors were described with triggers. 
In the second step the AMR was modeled with DSMs 
(91 components and four different DSMs: mechanical, 
electrical, pneumatic, information technological connec-
tions). Furthermore, the degrees of freedom were charac-
terized. Third, the influencing factors were mapped by 
connecting the triggers and degrees of freedom (Fig. 2). 
Therewith, reconfiguration needs and consequently 16 
components could be identified that need to be directly 
adapted. Following, the anticipated reconfigurations 
were displayed in the forth step (Fig. 3). The fifth step 
comprised the evaluation by calculating KPIs (Fig. 4).  
…
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Fig. 2: Degrees of freedom of AMR and triggers 
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)
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Fig. 3: Reconfigurations during AMR’s life 
During the sixth step planning of the reconfigurations 
was carried out. Through the additional KPIs it was 
figured out that the table plate of the AMR is a critical 
component, as its relative centrality is four times higher 
than the second highest value. Hence, it was designed 
with standardized interfaces, so that it does not carry 
adaptations. Integrating the second reconfiguration into 
the first would not be meaningful, since it does not cause 
downtime-costs, but material and labor costs. Hence, 
scale effects could not be used and capital tied up earlier.  
Furthermore, 12 components are reconfigured twice 
like the gripper jaws, the gripper, the robot or the 
control. These are evoked by the third reconfiguration. 
Hence, it would be meaningful to integrate as many 
adaptations as possible into the first one, as 46% of the 
non-time-related reconfiguration costs are evoked by 
downtime-costs. Doing so would obsolete some of the 
second adaptations on the components mentioned. Con-
sequently, downtimes could be reduced by 16% and 
time-related reconfiguration costs by 8%.  
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Fig. 4: KPIs to evaluate reconfigurability of the AMR 
4. Summary and Outlook 
This paper presented a methodology to plan reconfi-
gurations on AMRs. Therewith, reconfigurations are 
planned at two points in time. First, the methodology is 
executed initially before the AMR starts operating 
during the purchasing or designing phase when design 
still can be changed. Second, reconfigurations are 
planned before they are finally executed. Hereby, 
following reconfigurations are taken into account. 
Finally, the application of the methodology was shown. 
In future uncertainties will be integrated since the 
methodology is based on assumptions regarding future 
developments. Moreover, it is not usual to give fix dates 
when AMRs have to be changed (e.g. integration of a 
new manufacturing technology), but an earliest and 
latest date. Hence, the methodology will be designed 
more dynamic to consider periods and no fixed dates. 
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